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Abstract

,f y(tCllljulll  jOIJ stall  clarcl i s  currcl]tly  U]](1CI  dC -
vclol}llmt  at J  1’1,  fo] l,olh grollnd al)d s})acc al)-
))lic.atimls. \\’c l)avc cl Ioscl I tl)e yttcrllium ion for
i t  larg,c llyl)clfi]lc s))littill~, of 12.6 (~117, allcl ac -
ccssil]ility  of i t s  first cxcitccl Clcct]clllic  Cll Clp,y lCY-
cls }vitll light flc~l)l frcqucllcy.  Clcml)lcd  sclljiccll)ductclr
a]ld solid s(atc liisc~s.  IJcrfor)ni]lg  lllicrcl!va~c-cll)tical
(lCIUIIIC  rcs(lllallcc S]lccllclscc)]ly ivc llavc acllicvcd 2.5

111117, lta II Iscy fri]l!,cs \vith a signal-to IJoisc latio l)ct -
t c r  tlla)l 3b(l:l ill II)c sl)c~t l]c,isc lilnit,  Jvllicll corlc-
s1)oIIcls to all inferred stal]ilitj’  cIn llIc cmdcr ~}f 1.8 ~
10-  14/J7.

lnt)roduction

A  yttcll~il]lll  ion stal~dard  IIas bcc]i ulldcr  dcvcl-
ol~lllcllt at J ] ’ ] ,  for grc]~lnd and sI)acc a])])]icatiol)s.
‘J’llc tral,l]cd  ]))crcu]y  ic,ll s(a]lda]d  lIas ac]lic~cd  frzic-
tiol]al frcqucl)cy stallility ~’f ~ ~ 10- “2/{7 “’l ‘oq <

7 < 10, ()()()s zi]ld has lnadc  l]ossilllc stal)ilitics  c)f 7 x
10- lG at 100,()()0” scccmds  of avcraf,irlg tilllc,  a jlclfol-
II]allcc UIISUIIjaSWd l)Y ally ~ltllCr frcwcllcy ‘ta’)(iarc’
[1,?] .  IImcvcr  yttcr~)i~llll is alscI an at tract ive ion
f~,r flcq~lcllcy stall  darfis al~~~licatic)l)s sillcc IIrcl]ara.
tioll a)ld ol~scr~atic,ll c,f i t s  clock t]allsitio]l  at 1’2.5
(+117 lIIay l)c lnadc  ulili7iljg  col)lljact scll]icol]ductc)r
or sc)lid state laser syst Cllls [3,4]. ‘J IIis fcat{~rc c]l -
al)lcs clcsip,ns II]ctllc]clc]logics that Icducc the si7c alId
tllc ]Ilass  of the standard ]vithout llcccssarily  co)l}j]rc]-
lllising its IIcrfcmlllallcc It alsc) allol~s laser coo]illg
[5- 8] of tllc ic,,)s tc i]i)~)rovc stal)ility  IIcrfc)lll]allcc  of
tl)c stall  dald. ‘J’hus a sIJIall  icln  s t a n d a r d  l)ascd CII~

“’J },is \voIk  was caIIicd  out at tlIe .Ict 1 ‘Io]IulsicIII  1 ,a},cIIa-
(C)]y,  Califc,;  j)ia  IIlstitlltc  of  tCChl LC,](l~,~, 1111(10 .3 Ccllltrac( W i t h

tlIe h’atioI Ial Acrc,llautic a]ld  SJIace  Acll[li],isi]atic,]).
tA],c, at ])c],a]{],,c))t  of  ] ‘],ysic.s,  []]livcl,it.Y  O f  (~~]ifOIJLia  -

lLi\w]iidc,  l{ivcl side, C.k

l;ilulc 1: IIyl)crfi)lc  structure clf tl)c grour]d  allcl firs(., . . .
cxcitcd states i]) ] ‘] Y1.14

yttcrlliulll cclu]d lJC ideal for s)laccc~aft  al]~~licaticjl]s.

III a l)rcvic)us  l~al)cr [9] \vc had clcscrihed results
ml tl]c lziser sl)cctrc)scc}l)y of yttcrl)iull-]  ions tral]l)cd
ill a  Iillcar rf/dc hyl)rid  tra}]. l]) tll C ~)IC~Cllt  wc!rk
wc rcl)o~t cnl c)l~scrvatic)ll of l{al]my flillgcs  cllltaillcd
IIy cxcitaticnl  of tltc clc)ck trallsitioll. IIcrc  again a
laser  \vas used tc, l)rcl~srrc and i)ltcrrogatc  tllc ic,l}s.
‘1’l)e rcsultil)g  signal alicl tl)c c,l)scrvcd lillc Q C)f tllc
ic)lls al]cm us tc] illfcr stal)ility  of a sta~lda~d Ilascd on
this schc]nc Since the 12.5 G117 g,roulld  state l]y~}cr-
fillc trarlsiticll] c,f yttcrl)iulll  is ahc,ut four ti]lics ]Ilorc
suscc])tiljlc  to magnetic flcld l~crtull]atic)l~s  than tllc
cc)rrcsl~c)llclillg trallsiticlll  ill tl]c IIlcrcllry icjll, ~i’c als~)
liavc },crforlncd  all cxtcllsi~’c s t u d y  to cllaractcrizc
tllc ]nagllctic  scllsiti~’ity of yttcll’i~llll  ill cI~lr l’artic-
ular  tral)  cc)]]fi~uratic)]l. l)cs],itc  i t s  a])]]arcllt ad-
valltag,cs, yttcr}}iuln  has  difl~cllltics  ~~itll ~Jcv)~llatic~lj
tral,l)il)g  Ivllich cfl’cctivc]y  rclnovcs  tllc icjn froln tl]c
cycling, },rclccss [9- 14]. l\’c llavc also studied tl)is
l)rc,l,lc]li  and dctcrlnitlcd  a ll-ICa IIS fc)r cflccti\’cly rc-
ducilig pclpulatiorl trapl)i]lg  illfl~~cllccs lillallY> “’C
\vill dcscril)c future ]Jlal Is tc) ])crfc)l]ll  actual stal]ility
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h’i$,urc 2: Siln])lificd  cxl)clilnclltal  sctu]] usccl tc) carry  c,ut s]lcctrosco])y 01) tra]l],cd  171 Y1)+ ic)lls.

IIwasurcli)ellts  ivith t.lIc yttcrlliul!l  ic)]l sta]ldard.

l~;x])e~’il~lellltil setul)

‘1’llc y{tcrLiuln  isotc,])c 171 ion l]as a lly~]crfil!c  s-truc-
turc  silllilar  tc) tl]c lncrcury  iscltc)]]c 199 icln, \vitli
an cl]cr.c,y s]llittillg  corrcsl~clllcling  t o  12.64 [~117, a<
cc]]lll]arccl (0 Ilmrcury ’s 40,5 (;117. Its ‘l’l/z c)r ~1’~/~
cxcitcd states calI l.Ic rcacllccl frc)ln tile .grcmnd state
\\’ii]l ~6$hIlll or ~{y!)l]))l  radiatiC)ll  rC’S]l CCti VC]j’ (WC  fi&

1). ‘J’]Ic  usc c,f l a s e r s  fc,r c,l,tica] pulnllill.g,  yttcr-
I,iull] ic,]]s r e a d i l y  leads  tc) a ten fc)lcl  i]nl]]c)l’c]ljcllt
ill tllc sigllal-tc~-lloisc  ratio (S A1lt) c]vcr II IcIcury  ’s
lallq) hasc’1 Systclll, wh i l e  c)]lly giving u]) a factcjr C)f
40.5/12.6 ill line Q fcm ccluivirlcnt  il)tcrrc)s,atic)ll tillws.
SjllCC  [Ilf’  S] JC)rt  !CIIJI Sta])j]jt~  iS ~jVCll  ],~

J1 1 ii
o(7)rx-

Q[ ;s,1’ ]( -7
(1)

(w]jcrc  Qt is tllc line Q c j/6j, and ti i s  tl}c tc,tal
cyc le  till-it froln cmc mcasurclricnt  tc) tllc IIcxt) t}icrc
i s  t]IC  ]Jc)tc)itial  fcm a t)vc) tc) tl)rce  fcJcl ill-l})rc]l’clf-lcllt
i]) tlIc s n o r t  tcr]n  stal~ility. II) cmr Cxllc]ill]c]]t we
were ahlc tc) cycle tllc ic)]ls, a ])rc]ccw  tha t  s ca t t e r s

lIIiil Iy c)lltical ]Illotcjlls fclr eacl I IIlicrc,wavc  ])1 IcItoII  al.l-
sc~Il~ccl.  ‘J’}lis was acccj]nl)lisllcd  tllrclu F,h cxcitntic]]l cjf
tllc (2 S 1/2,1’: 1) +? (21’3/2,1::  2) trallsitic)ll ~~llil~c)lh
]lllJIIJliJl~  ill t}lC dC1]l})]Cr WillE,  S O f  t)lC  (2Sj/Z,]’:  ] )

<> (21’3/2,1’= 1 )  clcarillg  transit ic]n. ‘J IIc cycling clf
tllc (2S1t~,}’= 1)  <> (21’:3/:,,1;1  2?) tra]lsitic,ll is ]]ossi-
l)lc duc to tllc IIarrcm’ lil,c}vicltl) ( -  1 \ll17)  c,f tl)e
laser a~ld large 1.’7 GIIY,  hy]jcrfilje sl~littil~g of tlic
21’3/2  state.

lig~]rc (2) SIICWS tlic cx]~criljlcmtal sctu IJ used to
. . .

stlldv t]]e clock tralls]t]on  111 tral]l]cd yttcrl)]u~]]  ICIIIS.

‘J?Ic Iiy]lricl  ]ilicar rf/dc tral~, w’]]ich is 11’Jc]dclcd  after
tllc CIIIC f i r s t  u s e d  t~ith ]J]crcury  iculs at ill)], [15),
is CCIIIjll  CISCCl cIf fclur rf clcctrc]dcs i]l tlIc fc,r]n clf rclds
N’ith  dil  JJC]l SiCl]l  S of ~.]8 ]]1]1~  ill dia]l”lctcr a]ld 88. {1 rl]]]]
lcIIIg. ‘J’]le  rc]ds arc co]] figured cc]ual]y sl, aced \vitll
their  cc]ltcr cm a 17.48 rriln Clia](ictcr circle. IJollow
cyli~ldrical  dc cIIclca]K witli i]lllcr radi i  c)f 1.19  111111

and cmtcr radi i  cjf 3.18 n-In I are ljlacccl C)II  tllc a x i s
c)f t}lc quadru))cdc tral). TIJC c])clca],s  }Irotruclc  i]ltc)
tllc tral)  15.24 ]1111-1 frc~]n  tl)e clicl, lcavillg a tc,tal tral,
]c]~gt}l  o f  58.42 mIJI  fro]I”I  clldcall  tcl cIldca}l.  ‘J’l~c cf-
fcctivc trail lcII.gtlI, c)r lcl]gth c,f tllc it,]) clcmd, ill the
tra}~ clcl~cvids 011  tllc CIC \’c,ltagc al)}~licd  tc~ tl]c c]ld-
Ca]]s. ]’or clur CX]K’rillJCIJ!  aJ/ r f  dlivc a~ll},litudc  cd
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I1O Y’, ,r,, at 4S3 kll? IYa< al)l)licd OIJ tlIc four rods,
jvitl] -1 1.3 dc volts  a]}}jliccl  on tl)c clidca]lk. ‘Jo Ic-
ducr tlic cll”cct o f  If ])cating, CIII tllc ions a lLcliul IJ
bufl”cr  ~,as M’tis i]ltloduccc]  thrcIu&}I  a (lll~Jt7 leak 10

collisiollal]y cool tllc ims. II) additiol),  )jitlo~,cll  gas
\vas illtrocluccd  tlIIouF,h a valial)lc  lc;ili tcI collisiorl  -
ally qucnclI  lIIC lmvcr  lyi]jg ]Iwtastal)lc  states, which
cjtllcrwisc  co]ltai]]  the ions ill a “’dalk”’ s t a t e . “J }}s
IIcliu]n  Ilackgroll]ld ill the tra}~ ~vas IJlailltai]lcd  at a
]Iomi]lal JIrcssurc of 1 x 10- 5 (oIr Iy]lilc tlIc IIitrop,cll
],wssurc IYaS a])])  roxilnatc]y  1 x 1 ()- G torr.  \\rc csli-
lrla[c that tltesc  ])alamclcrs al]olv tlIc tra]l to }IcIld a
9111111 dialt)ctcl  cloud c)f 107 ions. ‘1’hc mixture of l)i-
trcl$,cl]  aIId IIclium \Ya~ quite  cflcctivc  ill coolirlf,  llIe
ic}]l  cloud aIId  quclichillg  the d a r k  st.atc.

‘1’llc’ 4.fl’’(ls)@s]/2 <: 4,f ’’4(1  S)6])21’:3/Z  tlallsitioll

was cxcitcd  using 328.9 IIIJI  r ad i a t i on  gcl Icratcd lIy
a cc)hcrcl]t 69{1-21  ring  dye lawI Illlll]i]lg !vitll 1 J(.’JI
S))c’clal lawr dyc alicl al I ilitl acavity  litlliulll  iodatc
dcllll,]illg  CIy  St al. (?}) to 2 ]Ilillitvatts  of lIV ]Jo!rcr  }ras
~,cIiclatcd  ill Illis lnanljcr, and a IIolllc]l’lacle IIollow
ctrthodc lal]lp was used to lnailltaill  tile laser Ivas on
rcsonancc.  111 c)rclcr tcJ  ]novc tlIc t r a p  atvay  f r o m  tlIc
large ]]-]agnctic  fields associated \vitll tlJc ar,qc,]l ion
laser .311d stail]lcss  steel cq~tica] talllc tlIc uv-radiatio]i
Iva.s tl)cn i]ljccted  intc) a 10 ]nctcr  lcIIgtlI of fil}cr  cqltic
cal)lc  allcl il)tlc)duccd  axially into tlIc tra]).

‘1’]Ic  IIlagl)ctic field i~)l~cl]l]oge]icitics asscjciatml
~vitll tllc argon ion laser aIIcl steel o]ltica] tal)lc, as
Ivcll a< tl)c alnl>icllt earth’s field, arc quit, large, lcav-
ill F, a YCIY ))oc}r  cnvirclllll-lcllt fc~r carr.vi!w oll~ ]lrcCi”
siol~ s]lcct~c]sccj])y c)n tllc l)y])crfi))c  structure of .311
at cl]]). ]’OI  this  reason  it \vas l)cccssary to])lacc tllc
ic~ll tra]l  illsidc a three axis set C)f fiw  focal dia]mter

llclIl)}lc)lt7  cc)ils. \l’ill)  Illis s e t  11]1 wc \vcIc al)lc 10
caIIccl tlIc allll.)icllt )Ilagnctic  field ill tllc IoOIII alIcl
s e t ,  1111 a lnaF,  tlctic field cll~ilolllllcllt  staljlc  Cltollgh
t o  allow p,lcatu  tl)alj 2(I sccoIId collcrc)lcc  tilncs.

Ol)tlical l{csonancc  IJi])eshapes

l~csoIIalIcc  ilucmwccllcc  lilicslla]~cs at t!vo difi’clcl)t

]ascr  ])o\vcrs aTc  slIo\YIl  ill fIgLll  c 4. IJowr  oljtical
])cmcr  illi])roves  tlte sigl)al to IIoisc  ~JJ’ rrd~l~illg,  t}jc’
lIackgIoul Id sc.attclcd  ligl)t a71d ill)]lrclvillg  t he  ]IIIcI-
tc]ll coulltil)g  Micicllcy  l)y cllsuril]g  tlic counli~tf,  sjs-
tmll is rullllill~  I)clou’ saturation). ~lxial tcl]]])claturc
lmasurcll)ents  arc also iln]lrovcd lIy ~cduci]lg tllc ar-
t i f i c i a l  IIarrc,witig clf tJIC tlIc rcso]jal]ce li]]c ~)y rallicl
l~ul]ll~i]lg C)f tllc icllls illtc) all altc]]late level wliilc tljc
laser is sca)ll)illg tl)lc]ugli tlIc tral]sition.

h4icl’c)\\’a\’e-C)l)tic:tl  1 )ou I.)lc llCSOIIaIICC
Spccirrmcc)})y

RRIIISCy frittgcs IVCIC  c)})tail]ccl l)y first prqlarillg I}lc
icj)js i]) t h e  (2$i1/2  ,1:: 0) s t a t e  tlllo~lgl~ c~]~tical  l)~llJO~-

ing Ly tunil)g tlIc law tc) c!~clla}) tllc (:’~1/2  t}:’ ‘)

<~ (21’3/2,1’=  1) t r a n s i t i o n . \4’itll tl]c laser  cJi tlIc
icl~ls \vcIc  i r r a d i a t e d  wit)l a ])air c)f 400  lI”JS  zi~ Ilji-

crcmavc  IJUISCS scj)aratcd l)y a tilw ti, If tllc Illi-
crolva~’c frcqucrlcy ll}atcl]cd tllc cllcrgy sl]littillg  c)f
tllc groul]d state IJyllcrfi]ie levels the ions I!c)llld IIC
cffcctivcly transfc)lcd fro]]]  the (2 S1/2,1:: 0) hack UII
to the (%,/2,1’: 1) lcYc’1. ‘Ii]lc  ]ascr w]lic]l Ivas ti))lcd
tC1 c)vcrlal] the (:’S1  /2,1’= 1)  <:’  (:’1’3\2 ,1”= ~) tral~~i-
tioll \vas tllcll tur~lcd C)]l and tllc ic,l) Ilumcscc]lcc \vas
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l’rc!qucmcy’ Oft-set (ml 17)

l;igulc  5: 25 ll]ll?  ram.wy fringcx corrcspondil)g  to a
PO SCCCIIjd  sc],aratic,ll  I.)ctlyccll fi /!2  ]Iulscs.

IImllitorcd  for twc~ seconds, ‘J’llc lclcl of fluorcsccllce
ccmcs]londs to the l~mllbcr  c}f ions i]] tl]c ull~lcr lly -
],crflllc state, \vllich in turn dc])cl)ds oll IIow c]osc tljc
]llicrcn~iivc  frcqucllcy  lIIatcl  Jcd the cllcrgy diflcrcl]cc
l)ctwcc]i tile ground state llyllcrfil~c  Ie\’cls.  OIIcc tlJc
fiucmcscr]]cc  \Yas rccordccl tllc lziwr ~vas tllcll sca]lr,  cd
o v e r  tllc (:’ S1/:),l”= 1) <} (21’3J2,1~= 1) trallsitio)l  to
ensure all tlic ic)lls i~crc I)ack in tllc (2Sll:),l~= O) level
a]]d ready for tllc next  ]Iair clf lnicrcm’a~c })ulsm.  l“ig-
ulcs  4  and 5 sllcn~ tllc cflcct c,f slc~w]y itc})]~illg Lllc
lnicro\vii\’c  frequency after cacl) ])air of lnicro!vai’c
]) UISCS.

,js S] ICIIVII  jII fi~,  uIc 5 Ive .acllicved 25 lNIIZ ltalri-
scy flillgm \vitli single  shot pllotol]  cc)lllits  of 1 ~~.~oo
al)ovr  a W,(I(IO ccjurlt. back~roulld;  this  cc]rresl]olids
to a signal-to lloisc ratic) cxcccdillg  350:1 ill tllc ~llc~t
IIoisc lilnit,  a])d illfcrlccl sta}]ility  c)f oY(T)  N 1.8 Y
10- ‘ 4 / { ( 7 ) .  It is  clear  froln f i g u r e  b that Jvc a r c
]]ot yet rcali7i]jg  the ful l  350:1 Sh’1{, proha)]ly }Ic-
causc c~f lnag  IIctic field f luctuat ions. At tlIc 100

]Ilgauss IIlag;tlctic field Illat  IVc set II}) tcl sc])aratc tlJc
-\Nf}:  () fro]jl tlte 3\l~= 3 1 t)al)sitions  IIIC traljsi-
Iioll frcqucllcy sensitivity Ic) ]Ilagllctic fluctufitiolls
is 62111] ]z/lI]g,allss. “J’]jc lc]alivcly IIip,l] se]lsitivity  o f
tllc 12.64 (;117. rmc,l]ancc  t]a]]sitio]]  to lna!,]]ctic  fluc-

tuatio])s  cou]Jlcd \vitli tlIc lack c)f IIlagllctic  slliclcls
ill our  ]~rcscljt cx])crimclltal  systcl  II ])rclllil)its  actual
]Iwa.<urclncllts  of lo]Ig Icr]l] stal.)ility.

ZeCmall  and Mofiona] Sidcharrd
S]”rc’ctrosco])y

‘ J  IIC frcqucllcy  c~f tl,c’ (~sl,:, )l’: o.\l,: o )  {),
(2 S1/2,1’=  I ,Nf}: O )  t,allsiiio,i i,, tllc l,rcwl,cc  of a
IIla!,l)ctic  field is gi~cll ~lY

(2)

Sillcc \vc aTc i)jtcrcstcd  il~ flactiolla]  frcqucllcj’  sta-
l,ility aIId  th is  funct ion l]a~ a quadldtic l)atulc  it is
dc+iral)lc to \vc)rk  at values  of al)])licd IIlagllctic  field
as low as ]]c).ssil~lc  si]]cc the sc]lsitivity  ICI ]Imgl)ctic
fluctuations is ~,ivcn l.)y

\Vitll  this ill ]Ililld  \vc decided to i])vcs-tigatc the Zcc-
llla]l and ]I]otiolla]  sidcl)ands  al various oriclltaticl]]s
clf t]lc a])])licd  static ]]]ap,tlctic field (C- ficlcl) with rc-
s~)cct to tllc ]Ilicrolvave ]]cda]i7. atio]l and t]a]] a x i s
cwic]ltatio]l. SiIllilat \vork \vas c:irricd o u t  l)y lh]clcrs
c t .  a l .  on  yttcrl)iuln ic)lls cc)llfi]lcd ill a IIy])crl]o]ic
tra], [16].

]’igurcs  6 al]d 7 each show 26 ]~ossil.lle )Ilap,tlctic
f ield orimltatiolls  Illat alllmt cc,lll])lctcly ],la]) c)ut all
]~ossil~lc oriclltatiolls, ‘J’lIcy \vcrc ol)tai)lcd I,y [ullillg
tllc laser tc, m’c]la]) the (2S1j:,,1’~ 1) <> (:’l’:+/Z.lJ’Z 1)
tral)sition  ~~llilc scallllil)g  tllc ]l]iclcl\val’cs  500 k}lz
ill a  ]Il]asc  continuous  lnalll~cr  o v e r  a ])criocl o f
1 0  SC COIIdS a]ld sumlning togctller 50 sca TIs. ‘J’]Ir

tc)ta]  s t a t i c  ]nagllctic f i e l d  }vas kc],t cc,]lsta],t a t
al)proxilllatcly  86 I1)gauss aIId tllc follo\Ying static
]mgllctic  fIcld c~ric]ltatic]ns m’cre  sctul  I II(x.  y,z, ) =
(0.0.:1 1); (0,:1 1,0); (:1 1 ,0,0); (0<:1 1,4 1); (:1 1.0,:1 1):
(~ 1,:1 1,0);  (: I 1,,11,,1 1). ‘1’lIcI  trap axis is oriclllc(l
ff]c,Jfg  t]l C’ X dir(’ctior~. l’igurc  6 SIJOJVS  tl)c 26 static
]nagllctic f]cld cjriclltatiol)s  IvIJc]l tllc ]l-licr(}m’avc  ]Io-
larizatic)]l was oricv)tccl  ]~cr])clldiclllar tc~ tllr tr~]’
axis, and fl:, urc ‘i SIIC)JVS tile SaIIJC  26 )I]a.gllctic  f i e ld
c~ric)ltatio)js  Ivitl) t]lc lnicrolvayc  ]Jolari7atioll ori -
clltcci ]Iarallcl to tllc tral) axis. II) lJcItlI cases tllc t}lc
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Figure G: 7mclna]~ and Inc)tiona] sideband spectra at 86 mgauss  total ]1-lagl]ctic field a[id micro\va\c polarization
parallel to the trap axis. l’hc  positions i!ldicatcd  oI~ the s])llcrcs  correspo]id  to the 26 static C-field orientations
II(x,y,z)  = (0,0,3 1); (0,4 1,0); (4 1,0,0); (0,:1 1,4 1); (:I 1,0,:{ 1); (4 1,3 1,0); (4 1,4 1,:!.1).
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Figure  7: ZecInan and motions] sideband  sl]cctra  at 86 mgauss  total mag]letic  field a~ld microwave polarization
perpendicular to the trap axis. ‘IIIC l~ositicj)ls indicated oI~ the spheres correspo]ld  to the 26 static C-field
orientations [D(x, y,z) :- (0,0,+  1); (0,3 1,0); (4 1,0,0); (0,3 1,:1 1); (:1 1,0,:1 1); (3 1,+1,0); (4.1,:1  1,4 l)].
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]Ilicrcm’ayc ]Ircq)a!,a(ion  dircctiml  \vas ]Icrlwlldicular
(c) tlIc tra~~ allcl miclltcd iIl t)tc z-dirccticm.

(;crnclusion

1$’c  lta\T  carIicd  OUI  cxtc]lsivc l]lic~c~tvavc-clj)tical
dc>\]l)lc rcscll]:l]]ce  s}lcctrclsccli~y  c)ftra]l]~cd l;]}rlji ill
order tc) dctcrlnillc IIIC fcasil)ility  c)f yltcrl)iull]  as Ilic
active  atoln ill a t]a])])cd ioli frcqllency standard. All
illfcllcclstallilityc)ll tllcorclcrof  1.S x 10- ‘ 4 llwl~cclj
Cjlllaillcd  Tvith 2.5 111117 l{al)lscyftittgcs.  ‘J IIcsc~cs  I]lls
SIICN great  Ilrc)lnisc  for yttcrhiuln a< a cal]didatc  ion
jII a frcquc]lcy s t anda rd ,  J(C i]ltcrld ICI ])clfc~lln ac -
tua] stal)ility  Illcasllrell)cllts  ill tllc near futu!c  a f t e r
tllc addition of maf,l]ctic  shields, wlliclt arc IIccclcd
tc, rcducc  tl]c cflcct  of cllvirc,)llllclltal IIlaf,]lctic  fluc-
tuatiol]sol! tl)cs]~littillg,c~ftllc  1’2.61  (Jl1711~icroJvavc
rcsol]allcc Ira))sitic)n.

A  ]Ic\Y ion trail aljd l:icuuln  sysl(ln  is currcl]tly
u)tdcr dc.~i~,rl  )vith cm}]llasis  on Slliall si?c, c:isc of
]Iq,nctic sl]icldillg,  ancl  high III Iotmi cc)llccticlll cfli-
cicllcy. ‘Jlic collcclic,n cflicicllcy  of tllc cullellt  sys-
tmn is ml]! ~.O.l%\vl)icl]  call casilylci lll]~rclvcdtcll
to fifly fold. 11] additic,l),  tllc CU]lCIII systc~ll  is ]iol
suited for the additimi c]flliagllctic  sljiclds Irl)ich  arc
]Icccssarj’  to ]wrforrn stal.~ility  l]wasurclncllts.

IYhilc lhc dcsif,n  aTId  fal,ricaticui  of tllc ]Icxt F,cll-
mat.iml yttcr})iull]  Systmll  is la king ],]acc lYciYillful-
tllcr  study  tl)c in f]uc))cc c,f cliflcrcllt Ijuflcr p,a.scs  m)
Il]c lifctilllc  of yttcrlliuln’s )l~eta-stal)lc  statm. ‘1’l]c
cc,llstructicl]i  of a stal~ilimci cc,ln])acl  . 3 6 9  11111  la~cr
sclllrcc ]vil] alsct lIC addressed  so that !Ilrrl]iul!l  ]Yill
}>c al~lc Ic, adva]]cc to a stalid al(uic f ield flcqllrllcy
standard.
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